We propose an equalization technique that uses the characteristics of the satellite transponder to compensate for its non-linear distortion. In our previous study, the effects of this technique for 16APSK and 32APSK were assessed in simulations. In this study, we revised the configuration of the equalization system and developed a receiver based on this revision. We examined the reception performance of 16APSK and 32APSK in transmission experiments.
Introduction
A technical standard for the ISDB-S3 transmission system was drawn up with the aim of launching 4K/8K ultra high definition TV (UHDTV) satellite broadcasting. [1] [2] [3] 8K broadcasting has a pixel resolution of 7,680 × 4,320 and sixteen times the number of pixels as 2K television. The compressed information bit rate of 8K is assumed to be between 80 and 100 Mbps by using high efficiency video coding (HEVC). 16 amplitude and phase shift keying (APSK) with a code rate of 7/9 can provide a transmission capacity of approximately 100 Mbps in a single satellite transponder because of the features of ISDB-S3 such as a low roll-off factor of 0.03. However, APSK signals are vulnerable to the non-linear distortion of the satellite transponder.
We proposed a digital pre-distortion technique for the transmitter side that has transmitter-built-in satellite transponder characteristics to compensate for non-linear distortion in simulations. 4) We confirmed that this technique improved transmissions for 16APSK and 32APSK in transmission experiments. 5) This technique is also known that an occupied bandwidth for the pre-distorted signal is slightly increased even though it is still under the 34.5 MHz of the tolerance level by radio regulation. 6) To avoid changing RF signal statements, we proposed an equalization system for the receiver that uses receiver-built-in satellite transponder characteristics in simulations. 7, 8) In the study reported here, we examine the reception performance of 16APSK and 32APSK in transmission experiments.
Prior Simulations
We estimated the transmission improvements had by each configuration of the equalization system by calculating the required C/N. Figure 1 shows the block diagram of the transmission system of the simulations. The main transmission parameters are listed in Table 1 . The dotted line in Fig. 1 shows the configuration of the typical satellite transponder, which is composed an input multiplexer (IMUX) filter, travelling wave tube amplifier (TWTA), and output multiplexer (OMUX) filter. Figure 2 shows the AM/AM and AM/PM characteristics of the TWTA. Figure 3 shows the amplitude and group delay characteristics of the IMUX and OMUX filters. These characteristics are normalized measurements of the 12 GHz-band satellite simulator that we used in the indoor satellite transmission test.
Simulation model
3) The normalized frequencies, for which the center frequency is reset from the actual values of 12.03436 GHz to 0 Hz, were used, as shown on the horizontal axes in Fig. 3. 
Equalization system
The equalization system is composed of a pre-equalizer, square-root roll-off filter, and post-equalizer that are series-connected, as shown in the red lined box in Fig. 1 .
The pre-equalizer can digitally simulate the inverse characteristics of the satellite transponder and consists of inverse OMUX filter characteristics, inverse TWTA characteristics, and inverse IMUX filter characteristics that are also series-connected. Figure 4 shows the linear AM/AM and inverse AM/PM characteristics of the TWTA. Figure 5 shows the constant amplitude and inverse group delay characteristics of the IMUX and OMUX filters. These two sets of characteristics cancel out the distortion of the satellite transponder by giving an inverse phase shift and group delay to the downlink signals. Here, we took the characteristics of the AM/AM to be linear because the inverse AM/AM was not always specified. For example, one output value corresponds to more than two input values in the saturation regions in Fig.  2 . We also took the amplitude characteristics of the IMUX and OMUX filters to be constant because excessive increases in amplitude in the out-of-band regions should be avoided. The AM/AM and amplitude characteristics were not targets for compensation.
The post-equalizer is a conventional adaptive equalizer based on the least-squares-error criterion. The digital FIR filter coefficients are sequentially updated to minimize the error vectors (input signal vectors minus ideal signal vectors). The update process accords with the following equations:
The forgetting factor of was set to 0.0005 in the simulations. Individual distortions of the frequency characteristics occurred by the frequency converters and premises wiring in the actual reception channel. The post-equalizer can work effectively to compensate for these distortions.
TWTA operation
The TWTA operating point corresponds to an output back-off (OBO), which is the parameter of the decrease in transponder output power. Figure 6 shows the definition of the OBO, which is the ratio of the OMUX filter output power of the un-modulated carrier peak point to that of the modulated carrier operating point. The OBO parameter is related to the strength of the non-linearity and assumed to be 2.2 dB for the next broadcasting satellite. 9) In the case of the functional verification, it was also fixed to 2.2 dB in the simulation model because of the same strength of the non-linearity. 
Reception performance for inverse characteristics
The reception performance was evaluated by comparing with the required C/N. The following steps were used to derive the required C/N in the simulations:
1)
Calculate the BER before FEC decoding at the baseband loopback corresponding to the C/N that achieves a BER of 1 × 10 -11 after FEC decoding at the baseband loopback. 1, 2) 2)
Calculate the C/N before FEC decoding over the satellite channel corresponding to the BER acquired in step 1). Table 2 shows the required C/Ns for 16APSK (7/9) and 32APSK (3/4) for each configuration of the pre-equalizer. The post-equalizer was always turned on. Figure 7 shows the received constellations in the simulations for conditions- [1] , - [2] , - [4] , and - [5] in Table 2 for 32APSK without downlink noise. There were two observation points of the pre-equalizer and post-equalizer outputs as shown in Fig. 1 . Each MER in Fig. 7 indicated that how the equalization system worked for the channel distortion regardless of the downlink noise error. Here, the observation point of the pre-equalizer was actually at the square-root roll-off filter output because the roll-off characteristics between the transmission channels had to be kept. The required C/Ns for 16APSK and 32APSK on configuration- [2] respectively improved by 0.13 dB and 1.46 dB compared with those on configuration- [1] . Those on configuration- [3] had the same amount of the C/N improvement as configuration- [2] . The required C/Ns for 16APSK and 32APSK on configuration- [4] respectively improved by 0.07 dB and 1.36 dB compared with those on configuration- [1] , that is, almost the same improvements for configuration- [2] . There were no improvements for configuration- [5] .
The above results can be summarized as follows:  Regarding configurations- [1] , - [2] , - [3] , and - [4] , the inverse TWTA characteristics achieved almost the same improvements for all inverse characteristics.  Regarding configurations- [1] , - [2] , and - [5] , the inverse filter characteristics themselves functioned (cf. MER:12.60 dB on configurations- [1] and MER:14.46 dB on configuration- [5] at the pre-equalizer output in Fig. 7 ), but did not result in any C/N improvement. The post-equalizer compensated for the group delay caused by satellite channel regardless of the group delay cancellation by the inverse OMUX/IMUX characteristics (cf. MER:15.10 dB on configuration- [1] and MER:15.11 dB on configuration- [5] at the post-equalizer output in Fig. 7 ).
Transmission Experiments
We used the results of the simulations to adapt the inverse TWTA characteristics to the pre-equalizer in the receiver. After that, we evaluated the reception performance of 16APSK and 32APSK in an actual hardware test. Figure 8 shows the block diagram of the transmission system for the experiments. The specifications of the transmitter and receiver meet the standards of ISDB-S3.
Experimental model
1) The main transmission parameters are the same as in Table 1 . Square-root roll-off filters with a roll-off factor of 0.03 were implemented in the transmitter and receiver. The number of roll-off filter tap coefficients in the transmitter and receiver were 1024 and 512, respectively.
The satellite simulator was used as the satellite transmission channel and it consisted of the following analog components: a frequency up-converter (from 140 MHz to 12.03436 GHz), 12 GHz-band satellite transponder (IMUX filter -TWTA -OMUX filter), and frequency down-converter (from 12.03436 GHz to 140 MHz) (inside the blue dotted line in Fig. 8 ). The characteristics of the IMUX filter, TWTA, and OMUX filter are the same as those in Figs. 2 and 3 . The OBO was controlled by a variable attenuator at the TWTA input and measured the power level at the OMUX filter output. For the downlink C/N measurement, the modulated signal over the satellite simulator goes into a noise test set.
The equalization system in the receiver was composed of the pre-equalizer, square-root roll-off filter, and post-equalizer basically the same configuration as in Fig. 1 . However, we adapted the pre-equalizer to only the inverse TWTA characteristics (Fig. 4 ) because the simulation results described in section 2 indicated that the other characteristics were not effective. The number of variable tap coefficients of the post-equalizer was 12.
Figures 9, 10, and 11 show the appearances of the experimental transmitter, satellite simulator, and receiver. Figures 12 and 13 show the C/N versus BER characteristics for 16APSK (7/9) and 32APSK (3/4), and Table 3 lists the required C/Ns for all parameters obtained from these figures. The required C/N was defined as the C/N at which the BER was 1 × 10 -11 and the C/N value was derived from an extrapolation of three measurement points on the C/N versus BER characteristics.
Reception performance
1-3) From section 2.2., one OBO in the experimental model was also set to 2.2 dB for both 16APSK and 32APSK. The other OBOs were set to 1.3 dB for 16APSK and 3.3 dB for 32APSK because of an effective verification for this equalization system at the different OBOs. Figures 14 and 15 show the received constellations without downlink noise for 16APSK and 32APSK. We observed that each constellation using the pre-equalizer and post-equalizer was less divergent and rotated less than in the case of using only the post-equalizer.
For 16APSK, although the required C/N at an OBO of 1.3 dB using the pre-equalizer and post-equalizer improved by 0.27 dB, that at an OBO of 2.2 dB worsened by 0.14 dB.
For 32APSK, the required C/Ns at OBOs of 2.2 dB and 3.3 dB using the pre-equalizer and post-equalizer improved by 0.84 dB and 0.34 dB, respectively.
The following summarizes the results:
 For 16APSK at an OBO of 2.2 dB, the required C/N worsened when using the pre-equalizer despite that the received constellations without downlink noise (Fig. 14) were convergent. This is because phase compensation errors occurred in the inverse TWTA characteristics in the low C/N environment and the reception performance consequently deteriorated. 1.E-12
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1.E-02  For both 16APSK and 32APSK at an OBO of 2.2 dB, the amount of C/N improvement was smaller in the experiments using the pre-equalizer than in the simulations. One reason might be that the actual TWTA characteristics in the satellite transponder and the assumed TWTA characteristics in the receiver were slightly different in the experiments due to the differences of the temperature characteristics for the actual TWTA.
Required C/N + OBO
The actual output power of the satellite transponder is constant in general because the radio regulations and hardware specifications for satellites have been fixed. If the rated output power of the satellite transponder is not restricted, the reception performance will be the required C/N shown in Table 3 . However, the actual rated output power for broadcasting satellite is currently 120 W, 9) and the OBO has to take into account the decrease in received C/N. In this case, it is the most advantageous when the required C/N + OBO is a minimum. Therefore, we used the required C/N + OBO as a parameter to evaluate the downlink budget. Figure 16 plots the OBO versus required C/N + OBO for 16APSK (7/9) and 32APSK (3/4) obtained from Figs. 12 and 13. Table 4 lists the required C/N + OBOs for all parameters.
For 16APSK, the required C/N + OBO of 14.56 dB at an OBO of 2.2 dB using only the post-equalizer was the smallest.
For 32APSK, the required C/N + OBO of 18.27 dB at an OBO of 3.3 dB using the pre-and post-equalizers was the smallest. 
Conclusion

We studied an equalization system using receiver-built-in satellite transponder characteristics and incorporated it in a prototype receiver to verify its effectiveness. We confirmed the reception performance as follows:
The most advantageous condition for 16APSK (7/9) was the required C/N + OBO of 14.56 dB at an OBO of 2.2 dB using only the post-equalizer.
Moreover, the most advantageous condition for 32APSK (3/4) was the required C/N + OBO of 18.27 dB at an OBO of 3.3 dB using the pre-and post-equalizers. 
